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Peccei-Quinn symmetry for Dirac seesaw and leptogenesis
Pei-Hong Gu∗
Department of Physics and Astronomy, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China
We extend the DFSZ invisible axion model to simultaneously explain small Dirac neutrino masses
and cosmic matter-antimatter asymmetry. After the Peccei-Quinn and electroweak symmetry break-
ing, the effective Yukawa couplings of the Dirac neutrinos to the standard model Higgs scalar can
be highly suppressed by the ratio of the vacuum expectation value of an iso-triplet Higgs scalar over
the masses of some heavy gauge-singlet fermions, iso-doublet Higgs scalars or iso-triplet fermions.
The iso-triplet fields can carry a zero or nonzero hypercharge. Through the decays of the heavy
gauge-singlet fermions, iso-doublet scalars or iso-triplet fermions, we can obtain a lepton asymmetry
in the left-handed leptons and an opposite lepton asymmetry in the right-handed neutrinos. Since
the right-handed neutrinos do not participate in the sphaleron processes, the left-handed lepton
asymmetry can be partially converted to a baryon asymmetry.
PACS numbers: 98.80.Cq, 14.60.Pq, 14.80.Va
I. INTRODUCTION
The phenomena of neutrino oscillations have been es-
tablished by the atmospheric, solar, accelerator and re-
actor neutrino experiments [1]. This means three flavors
of neutrinos should be massive and mixed. Since the
neutrinos are massless in the SU(3)c × SU(2)L × U(1)Y
standard model (SM), we need new physics. Currently
the most popular scheme for the neutrino mass gener-
ation is the so-called seesaw [2] mechanism which can
highly suppress the neutrino masses by a small ratio of
the electroweak scale over a newly high scale. Remark-
ably the neutrinos have a Majorana nature in the usual
seesaw models [2–6]. Such Majorana neutrino masses
are induced by some lepton-number-violating interac-
tions which can also generate a lepton asymmetry [8]
and then give a baryon asymmetry in association with
the sphaleron [7] processes. We hence can understand
the cosmic matter-antimatter asymmetry which is the
same as a baryon asymmetry. This baryogensis scenario
in the lepton-number-violating seesaw context is the well
known leptogenesis [8] mechanism and has been widely
studied [9–22].
However, one should keep in mind that the theoretical
assumption of the lepton number violation and then the
Majorana neutrinos have not been confirmed by any ex-
periments. So it is worth studying the Dirac neutrinos
[23–29]. In particular, we can construct some lepton-
number-conserving Dirac seesaw models [23, 25, 26, 29]
to generate the small Dirac neutrino masses. The key of
the Dirac seesaw models is that the effective Yukawa cou-
plings of the right-handed neutrinos to the SM leptons
and Higgs scalar can be suppressed by a ratio of ceratin
symmetry breaking scale over some heavy field masses.
Through the out-of-equilibrium and CP-violating decays
of these heavy fields, we can obtain a lepton asymme-
try in the SM left-handed leptons and an opposite lep-
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ton asymmetry in the right-handed neutrinos although
the lepton number is totally zero [24–27]. The right-
handed neutrinos then will go into equilibrium with the
left-handed neutrinos at a very low temperature where
the sphalerons have already stopped working. Therefore,
the sphalerons can partially convert the induced lepton
asymmetry in the SM leptons to a baryon asymmetry.
This type of leptogenesis is named as the neutrinogenesis
[24] mechanism.
The SM encounters other challenges besides the small
neutrino masses and the cosmic baryon asymmetry. In
order to solve those problems, people have also extended
the SM in other ways except for the seesaw scenario. For
example, the invisible axion models [30, 31] based on the
Peccei-Quinn (PQ) symmetry [32–34] have been studied
widely by theorists and experimentalists since they can
solve the strong CP problem. Due to the unobserved
axion, the PQ symmetry breaking scale now has a low
limit far above the electroweak scale [1]. Furthermore, for
a proper choice of the breaking scale of the PQ symmetry
and the initial value of the strong CP phase, the invisible
axion can account for the dark matter relic density in the
universe [1]. In some interesting models for the neutrino
mass generation, the PQ symmetry also plays an essential
role [35].
We would like to point out the usual Dirac seesaw mod-
els contain an arbitrary breaking scale of the additional
discrete, global or gauge symmetry. To fix or constrain
this symmetry breaking scale, we can connect it to other
new physics. For example, in a class of mirror mod-
els [29], the additional symmetry is a mirror electroweak
symmetry so that it can be fixed by the dark matter
mass.
In this paper we shall make use of the PQ symmetry
to forbid the Yukawa couplings of the right-handed neu-
trinos to the SM leptons and Higgs scalar. Specifically
we shall extend the DFSZ [31] invisible axion model by
three gauge-singlet right-handed neutrinos, an iso-triplet
Higgs scalar with or without hypercharge, as well as some
heavy gauge-singlet fermions, iso-doublet Higgs scalars
or iso-triplet fermions. After the PQ and electroweak
2symmetry breaking, the iso-triplet Higgs scalar can ac-
quire an induced vacuum expectation value (VEV) con-
strained by the ρ parameter. This VEV can help us to
naturally suppress the Dirac neutrino masses by its ra-
tio over the masses of the heavy gauge-singlet fermions,
iso-doublet Higgs scalars or iso-triplet fermions. Mean-
while, the decays of the heavy gauge-singlet fermions, iso-
doublet Higgs scalars or iso-triplet fermions can realize a
neutrinogenesis to explain the cosmic matter-antimatter
asymmetry.
II. THE DFSZ MODEL
Before introducing our models, we briefly review the
DFSZ invisible axion model which contains three gener-
ations of fermions,
qL(3, 2,+
1
6
)(0) =
[
uL
dL
]
, lL(1, 2,− 12 )(0) =
[
νL
eL
]
,
uR(1, 1,+
2
3
)(+1), dR(1, 1,− 13 )(+1), eR(1, 1,−1)(+1),
(1)
as well as three Higgs scalars,
φ1(1, 2,− 12 )(−1) =
[
φ01
φ−1
]
, φ2(1, 2,− 12 )(+1) =
[
φ02
φ−2
]
,
χ(1, 1, 0)(+1). (2)
Here and thereafter the first brackets following the
fields describe the transformations under the SU(3)c ×
SU(2)L×U(1)Y gauge groups while the second ones de-
note the charges under a U(1)PQ global symmetry.
We write down the kinetic terms of the above fermions
and scalars,
LK = iq¯LγµDµqL + iu¯RγµDµuR + id¯RγµDµdR
+il¯Lγ
µDµlL + ie¯Rγ
µDµeR + (Dµφ1)
†Dµφ1
+(Dµφ2)
†Dµφ2 + (∂µχ)
†∂µχ , (3)
with the covariant derivatives,
DµqL =
(
∂µ − ig3
λa
2
Gaµ − ig
τa
2
W aµ − i
1
6
g′Bµ
)
qL ,
DµuR =
(
∂µ − ig3
λa
2
Gaµ − i
2
3
g′Bµ
)
uR ,
DµdR =
(
∂µ − ig3
λa
2
Gaµ + i
1
3
g′Bµ
)
dR ,
DµlL =
(
∂µ − ig
τa
2
W aµ + i
1
2
g′Bµ
)
lL ,
DµeR =
(
∂µ + ig
′Bµ
)
eR ,
Dµφ1 =
(
∂µ − ig
τa
2
W aµ + i
1
2
g′Bµ
)
φ1 ,
Dµφ2 =
(
∂µ − ig
τa
2
W aµ + i
1
2
g′Bµ
)
φ2 . (4)
Here g3, g and g
′ are the SU(3)c, SU(2)L and U(1)Y
gauge couplings, Gaµ(a = 1, 2, ..., 8), W
a
µ (a = 1, 2, 3) and
Bµ are the corresponding gauge fields, while λa(a =
1, 2, ..., 8) and τa(a = 1, 2, 3) are the Gell-Mann and
Pauli matrices. Under the SU(3)c × SU(2)L × U(1)Y
and U(1)PQ symmetries, we can give the Yukawa inter-
actions,
LY = −yuq¯Lφ1uR − ydq¯Lφ˜2dR − yel¯Lφ˜2eR +H.c. , (5)
and the scalar potential,
V (χ, φ1, φ2) = µ
2
1φ
†
1φ1 + µ
2
2φ
†
2φ2 + µ
2
3χ
†χ+ λ1(φ
†
1φ1)
2
+λ2(φ
†
2φ2)
2 + λ3(χ
†χ)2 + λ4φ
†
1φ1φ
†
2φ2
+λ5φ
†
1φ2φ
†
2φ1 + λ6φ
†
1φ1χ
†χ
+λ7φ
†
2φ2χ
†χ+ λ8(χ
2φ†2φ1 +H.c.) . (6)
After the gauge-singlet scalar χ develops a VEV,
〈χ〉 = 1√
2
fPQ , (7)
to spontaneously break the U(1)PQ global symmetry, it
can be rewritten by
χ =
1√
2
(fPQ + hPQ) exp
(
i
a
fPQ
)
, (8)
where hPQ is a massive Higgs boson while a is a Nambu-
Goldstone boson. By making the following phase rota-
tion,
φ1 exp
(
i
a
fPQ
)
→ φ1 , φ2 exp
(
−i a
fPQ
)
→ φ2 ,
uR exp
(
−i a
fPQ
)
→ uR , dR exp
(
−i a
fPQ
)
→ dR ,
eR exp
(
−i a
fPQ
)
→ eR , (9)
the kinetic terms (3) can give us the axial couplings of
the Nambu-Goldstone boson a to the SM fermions u, d
and e,
L ⊃ − ∂µa
fPQ
(u¯Rγ
µuR + d¯Rγ
µdR + e¯Rγ
µeR)
⊃ − ∂µa
2fPQ
(u¯γµγ5u+ d¯γ
µγ5d+ e¯γ
µγ5e) . (10)
The non-perturbative QCD Lagrangian then should be
LQCD ⊃ −θ¯
g23
32pi2
GG˜ with θ¯ = θ +
a
2fPQ
, (11)
where θ is a constant from the quark mass matrices and
the QCD Θ-vacuum. Clearly, the physical strong CP
phase θ¯ now can naturally roll into a tiny value to solve
3the strong CP problem since it now has become a dy-
namical field. Therefore, the global symmetry U(1)PQ
is the PQ symmetry while the Nambu-Goldstone boson
a is the axion. The PQ symmetry should be broken at
a high scale fPQ & 10
10GeV to fulfill the experimental
constraints [1]. From the color anomaly the axion can
pick up a tiny mass. For an appropriate PQ symmetry
breaking scale fPQ . 10
12GeV, the axion can serve as a
cold dark matter particle if the strong CP phase Θ¯ has
an initial value of the order of O(1) [1].
The [SU(2)L]-doublet Higgs scalars φ1,2 are responsi-
ble for the spontaneous electroweak symmetry breaking.
Their VEVs should be
〈φ1〉 =
[ 〈φ01〉
0
]
, 〈φ2〉 =
[ 〈φ02〉
0
]
with
tanβ =
〈φ01〉
〈φ02〉
. (12)
We can conveniently define
φ =
〈φ01〉φ1 + 〈φ02〉φ2√
〈φ01〉2 + 〈φ02〉2
, φ′ =
〈φ02〉φ1 − 〈φ01〉φ2√
〈φ01〉2 + 〈φ02〉2
, (13)
and then obtain
〈φ〉 =
[ 〈φ0〉
0
]
with 〈φ0〉 =
√
〈φ01〉2 + 〈φ02〉2 ,
〈φ′〉 = 0 . (14)
This means the newly defined φ will drive the electroweak
symmetry breaking. It is easy to see the perturbation
requirement in the Yukawa interactions can constrain the
rotation angle β by
1√
4pi〈φ0〉2
m2t
− 1
< tanβ <
√
4pi〈φ0〉2
m2b
− 1 . (15)
By inputting [1]
mt = 173GeV , mb = 4.18GeV , 〈φ0〉 = 174GeV , (16)
we can read
0.3 . tanβ . 147 . (17)
III. HIGGS TRIPLETS AND RIGHT-HANDED
NEUTRINOS
We now introduce the Higgs triplets with or without
hypercharge,
Σ(1, 3, 0)(+2) =
[
1√
2
σ0 σ+2
σ−1 − 1√2σ0
]
; (18a)
∆(1, 3,+1)(+2) =
[
1√
2
δ+ δ++
δ0 − 1√
2
δ+
]
, (18b)
which have the kinetic terms as below,
LK ⊃ Tr[(DµΣ)†DµΣ] with
DµΣ = ∂µΣ− ig
[τa
2
W aµ ,Σ
]
; (19a)
LK ⊃ Tr[(Dµ∆)†Dµ∆] with
Dµ∆ = ∂µ∆− ig
[τa
2
W aµ ,∆
]
− ig′Bµ∆ . (19b)
The supplement of the potential (6) should be
V (Σ) = (µ2Σ + ζ1φ
†
1φ1 + ζ2φ
†
2φ2 + ζ3χ
†χ)Tr(Σ†Σ)
+ζ4[Tr(Σ
†Σ)]2 + ζ5Tr(Σ
†Σ†)Tr(ΣΣ))
+ζ6Tr[(Σ
†Σ)2] + ζ7Tr(Σ
†Σ†ΣΣ)
+ωΣ(φ
T
1 iτ2Σφ˜2 +H.c.) ; (20a)
V (∆) = (µ2∆ + ζ1φ
†
1φ1 + ζ2φ
†
2φ2 + ζ3χ
†χ)Tr(∆†∆)
+ζ4[Tr(∆
†∆)]2 + ζ5Tr(∆
†∆†)Tr(∆∆)
+ζ6Tr[(∆
†∆)2] + ζ7Tr(∆
†∆†∆∆)
+ω∆(φ
T
1 iτ2∆φ1 +H.c.) . (20b)
After the Higgs doublets φ1,2 develop their VEVs for
the electroweak symmetry breaking, the Higgs triplets
can acquire the induced VEVs,
〈Σ〉 =

 〈σ
0〉√
2
0
0 − 〈σ0〉√
2

 with
〈σ0〉 ≃ −ωΣ〈φ
0
1〉〈φ02〉√
2M2Σ
= −ωΣ〈φ〉
2 sin 2β
2
√
2M2Σ
;
(21a)
〈∆〉 =
[
0 0
〈δ0〉 0
]
with
〈δ0〉 ≃ −ω∆〈φ
0
1〉2
M2∆
= −ω∆〈φ〉
2 sin2 β
M2∆
, (21b)
where the Higgs triplet masses M2Σ,∆ have been given by
M2Σ = µ
2
Σ + ζ1〈φ01〉2 + ζ2〈φ02〉2 + ζ3〈χ〉2 ; (22a)
M2∆ = µ
2
∆ + ζ1〈φ01〉2 + ζ2〈φ02〉2 + ζ3〈χ〉2 . (22b)
It is well known the VEV of a Higgs triplet will affect the
ρ parameter [1],
ρ =
M2W
M2Z cos
2 θW
= 1.00040± 0.00024 . (23)
In the presence of two Higgs doublets φ1,2 and a Higgs
triplet Σ or ∆, we can express the ρ parameter by
ρ =
〈φ0〉2 + 4〈σ0〉2
〈φ0〉2 ; (24a)
ρ =
〈φ0〉2 + 2〈δ0〉2
〈φ0〉2 + 4〈δ0〉2 . (24b)
4By inserting
√
〈φ0〉2 + 4〈δ0〉2 = 174GeV , 0.99968 ≤ ρ ≤ 1.00112 ;
(25a)√
〈φ0〉2 + 2〈δ0〉2 = 174GeV , 0.99968 ≤ ρ ≤ 1.00112 ,
(25b)
we can derive the upper bounds on the VEVs of the Higgs
triplets,
〈σ0〉 ≤ 2.9GeV ; (26a)
〈δ0〉 ≤ 2.2GeV . (26b)
Our models also contain three right-handed neutrinos,
which are the SU(3)c×SU(2)L×U(1)Y singlets but carry
a U(1)PQ charge as below,
νR(1, 1, 0)(+4). (27)
Therefore, the right-handed neutrinos are forbidden to
have the following gauge-invariant Yukawa couplings and
Majorana masses, i.e.
L ⊃/ −yφ1 l¯Lφ1νR − yφ2 l¯Lφ2νR −
1
2
mνR ν¯Rν
c
R +H.c. ,
(28)
except for their kinetic terms,
L ⊃ iν¯Rγµ∂µνR . (29)
Meanwhile, the gauge-invariant Yukawa couplings of the
Higgs triplet with hypercharge to the lepton doublets are
also absent from the Lagrangian due to the PQ symme-
try, i.e.
L ⊃/ − 1
2
f∆l¯
c
Liτ2∆lL +H.c. . (30)
In consequence, the neutrinos should keep massless in the
present context.
IV. DIRAC SEESAW MODELS
In this section we will draw the outline of our models
with the heavy fermion singlets, the heavy Higgs dou-
blets or the heavy fermion triplets. The generation of
the neutrino masses and the baryon asymmetry will be
discussed in the later sections. According to the usual
type-I, II and III seesaw models for the Majorana neu-
trinos, we would like to name our models with the heavy
fermion singlets, the heavy Higgs doublets and the heavy
fermion triplets as the type-I, type-II and type-III Dirac
seesaw, respectively.
A. Type-I Dirac seesaw
The type-I Dirac seesaw contains the gauge-singlet
fermions and scalar as follows,
NR(1, 1, 0)(+1), N
′
R(1, 1, 0)(0), ω(1, 1, 0)(−4). (31)
The allowed kinetic, Yukawa and scalar interactions are
L ⊃ iN¯RγµDµNR + iN¯ ′RγµDµN ′R + (∂µω)†∂µω
−yN l¯Lφ1NR − yN ′ωN¯ ′cRνR − fNχN¯RN ′cR
−κωΣωφT2 iτ2Σφ˜1 +H.c.− [µ2ω + α1φ†1φ1 + α2φ†2φ2
+α3χ
†χ+ α4Tr(Σ
†Σ)]ω†ω − α5(ω†ω)2 ; (32a)
L ⊃ iN¯RγµDµNR + iN¯ ′RγµDµN ′R + (∂µω)†∂µω
−yN l¯Lφ1NR − yN ′ωN¯ ′cRνR − fNχN¯RN ′cR
−κω∆ωφT2 iτ2∆φ2 +H.c.− [µ2ω + α1φ†1φ1 + α2φ†2φ2
+α3χ
†χ+ α4Tr(∆
†∆)]ω†ω − α5(ω†ω)2 . (32b)
Here we have prevented the fermion singlets N ′R from
the gauge-invariant Majorana masses by imposing a con-
served global symmetry of lepton number, under which
the singlet fermions NR and N
′c
R , the right-handed neu-
trinos νR and the SM leptons lL and eR all carry a lepton
number of one unit.
After the PQ symmetry breaking, we can obtain a mass
term between the fermion singlets NR and N
′
R, i.e.
L ⊃ −MNN¯RN ′cR + H.c. with MN = fN 〈χ〉 . (33)
Without loss of generality, it is convenient to choose a
basis where the masses of the fermion singlets are real
and diagonal, i.e.
MN = diag{MN1,MN2 , ...} , (34)
and then define the following vector-like fermions,
Na = N
′c
Ra +NRa . (35)
As for the scalar singlet ω, its mass is dominated by
M2ω ≃ µ2ω + α1〈φ1〉2 + α2〈φ2〉2 + α3〈χ〉2 ≫ 〈Σ〉2, 〈∆〉2 .
(36)
B. Type-II Dirac seesaw
The heavy Higgs doublets for the type-II Dirac seesaw
are denoted by
η(1, 2,− 1
2
)(−4) =
[
η0
η−
]
, (37)
5which have the kinetic, Yukawa and scalar interactions,
L ⊃ (Dµη)†Dµη − yη l¯LηνR − κηΣχφ˜T1 iτ2Ση +H.c.
−[µ2η + β1φ†1φ1 + β2φ†2φ2 + β3χ†χ
+β4Tr(Σ
†Σ)]η†η − β5(η†η)2 ; (38a)
L ⊃ (Dµη)†Dµη − yη l¯LηνR − κη∆χφT2 iτ2∆η +H.c.
−[µ2η + β1φ†1φ1 + β2φ†2φ2 + β3χ†χ
+β4Tr(∆
†∆)]η†η − β5(η†η)2 , (38b)
with the covariant derivative,
Dµη =
(
∂µ − ig
τa
2
W aµ + i
1
2
g′Bµ
)
η . (39)
The masses of the Higgs doublets η should be
M2η ≃ µ2η + β3〈χ〉2 ≫ 〈φ〉2 . (40)
C. Type-III Dirac seesaw
In the type-III Dirac seesaw, we have the fermion
triplets with or without hypercharge, i.e.
ψL(1, 3, 0)(−1) =
[
1√
2
ψ0L ψ
+
2L
ψ−1L − 1√2ψ0L
]
,
ψ′L(1, 3, 0)(+2) =
[
1√
2
ψ′0L ψ
′−
2L
ψ′+1L − 1√2ψ′0L
]
; (41a)
ξL(1, 3,+1)(−1) =
[
1√
2
ξ+L ξ
++
L
ξ0L − 1√2ξ
+
L
]
,
ξ′L(1, 3,−1)(+2) =
[
1√
2
ξ′−L ξ
′0
L
ξ′−−L − 1√2ξ
′−
L
]
, . (41b)
The kinetic and Yukawa terms are
L ⊃ iTr(ψ¯LγµDµψL) + iTr(ψ¯′LγµDµψ′L)
−yψ l¯cLiτ2ψLφ˜1 − yψ′Tr(ψ¯′cLiτ2Σiτ2)νcR
−fψχTr(ψ¯′Liτ2ψcLiτ2) + H.c. ; (42a)
L ⊃ iTr(ξ¯LγµDµξL) + iTr(ξ¯′LγµDµξ′L)
−yξ l¯cLiτ2ξLφ2 − yξ′Tr(ξ¯′cLiτ2∆iτ2)νcR
−fξχTr(ξ¯′Liτ2ξcLiτ2) + H.c. , (42b)
where the covariant derivatives are given by
DµψL = ∂µψL − ig
[τa
2
W aµ , ψL
]
,
Dµψ
′
L = ∂µψ
′
L − ig
[τa
2
W aµ , ψ
′
L
]
; (43a)
DµξL = ∂µξL − ig
[τa
2
W aµ , ξL
]
− ig′BµξL ,
Dµξ
′
L = ∂µξ
′
L − ig
[τa
2
W aµ , ξ
′
L
]
+ ig′Bµξ
′
L . (43b)
νR lL
N
R
N ′
R
〈ω〉 〈χ〉 〈φ
1
〉
FIG. 1: The Dirac neutrino masses suppressed by the heavy
fermion singlets N = N ′cR +NR. Here the scalar singlet ω has
a VEV smaller than the VEVs of the Higgs triplets.
After the PQ symmetry breaking, the fermion triplets
can obtain the gauge-invariant masses, i.e.
L ⊃ −MψTr(ψ¯′Liτ2ψcLiτ2) + H.c. with Mψ = fψ〈χ〉 ;
(44a)
L ⊃ −MξTr(ξ¯′Liτ2ξcLiτ2) + H.c. with Mξ = fξ〈χ〉 .
(44b)
Without loss of generality and for convenience, we can
choose a basis where the masses of the fermion triplets
are real and diagonal, i.e.
Mψ = diag{Mψ1 ,Mψ2 , ...} ; (45a)
Mξ = diag{Mξ1 ,Mξ2 , ...} . (45b)
In this basis, we can define the vector-like fermions as
below,
ψa = ψ
c
La + ψ
′
La , (46a)
ξa = ξ
c
La + ξ
′
La . (46b)
V. NEUTRINO MASSES
In this section we will demonstrate the neutrino mass
generation in the type-I, II and III Dirac seesaw mod-
els. Specifically, we will show the Dirac neutrino masses
can be highly suppressed by the ratio of the constrained
VEVs of the Higgs triplets over the heavy masses of
the fermion singlets, the Higgs doublets or the fermion
triplets.
A. Neutrino masses from the type-I Dirac seesaw
In the type-I Dirac seesaw model, the scalar singlet
ω has a quartic coupling with two Higgs doublets and
one Higgs triplet. See the κωΣ-term and κω∆-term in
Eq. (32). Accordingly, this scalar singlet can acquire an
6induced VEV,
〈ω〉 = −κωΣ〈σ
0〉〈φ01〉〈φ02〉√
2M2ω
= −κωΣ〈σ
0〉〈φ0〉2 sin 2β
2
√
2M2ω
= 0.031GeV×
( 〈σ0〉
2.9GeV
)(
1TeV
Mω
)2
×
(κωΣ
1
)( sin 2β
1
)
; (47a)
〈ω〉 = −κω∆〈δ
0〉〈φ02〉2
M2ω
= −κω∆〈δ
0〉〈φ0〉2 cos2 β
M2ω
= 0.033GeV×
( 〈δ0〉
2.2GeV
)(
1TeV
Mω
)2
×
(κω∆
1
)( cosβ
1/
√
2
)2
. (47b)
Here we have input 〈φ0〉 ≃ 174GeV.
As shown in Fig. 1, the type-I Dirac seesaw model then
can give a tiny mass term between the left-handed neutri-
nos νL and the right-handed neutrinos νR by integrating
out the heavy vector-like fermion singlets N = N ′cR +NR,
L ⊃ −mν ν¯LνR +H.c. with
mν = −yN
〈ω〉〈φ01〉
MN
yN ′
= yN
κωΣ〈σ0〉〈φ0〉3 sin2 β cosβ√
2M2ωMN
yN ′
= −yν〈φ0〉 = 0.17 eV×
(
yν
10−12
)
; (48a)
L ⊃ −mν ν¯LνR +H.c. with
mν = −yN
〈ω〉〈φ01〉
MN
yN ′
= yN
κω∆〈δ0〉〈φ0〉3 sinβ cos2 β
M2ωMN
yN ′
= −yν〈φ0〉 = 0.17 eV×
(
yν
10−12
)
. (48b)
One can easily read the effective Yukawa couplings of
the right-handed neutrinos to the SM lepton and Higgs
doublets,
yν = −yN
κωΣ〈σ0〉〈φ0〉2 sin2 β cosβ√
2M2ωMN
yN ′ ≪ 1 ;(49a)
yν = −yN
κω∆〈δ0〉〈φ0〉2 sinβ cos2 β
M2ωMN
yN ′ ≪ 1 .(49b)
Since the scalar singlet is expected near the electroweak
scale, the above effective Yukawa couplings can be highly
suppressed by the ratio of the VEVs of the Higgs triplets
over the heavy masses of the fermion singlets. For ex-
ample, by inputting Mω = 1TeV and β = pi/4, we read
νR lL
η
〈S〉 〈χ〉 〈ϕ〉
FIG. 2: The Dirac neutrino masses suppressed by the heavy
Higgs doublets η. Here (ϕ, S) stands for (φ˜1,Σ) or (φ2,∆).
yν = −2.2× 10−12 ×
(yN
1
)(1010GeV
MN
)(yN ′
1
)
×
(κωΣ
1
)( 〈σ0〉
2.9GeV
)
; (50a)
yν = −2.4× 10−12 ×
(yN
1
)(1010GeV
MN
)(yN ′
1
)
×
(κω∆
1
)( 〈δ0〉
2.2GeV
)
. (50b)
It should be noted that two or more vector-like fermion
singlets are required to give two or three nonzero neutrino
mass eigenvalues from the neutrino oscillation data [1].
B. Neutrino masses from the type-II Dirac seesaw
In the type-II Dirac seesaw model, the Higgs doublets
η can acquire the induced VEVs after the PQ and elec-
troweak symmetries are both broken, i.e.
〈η〉 =
[ 〈η0〉
0
]
with 〈η0〉 ≃ −κηΣ〈χ〉〈φ
0〉〈σ0〉 sinβ√
2M2η
;
(51a)
〈η〉 =
[ 〈η0〉
0
]
with 〈η0〉 ≃ −κη∆〈χ〉〈φ
0〉〈δ0〉 cosβ
M2η
.
(51b)
Obviously, the VEVs 〈η〉 should be highly suppressed
because of the heavy masses Mη, i.e.
〈η0〉 ≪ 〈σ0〉 < 〈φ0〉 for Mη & κηΣ〈χ〉 ≫ 〈φ0〉, 〈σ0〉 ;
(52a)
〈η0〉 ≪ 〈δ0〉 < 〈φ0〉 for Mη & κη∆〈χ〉 ≫ 〈φ0〉, 〈δ0〉 .
(52b)
Through their Yukawa interactions with the heavy
Higgs doublets η, the left-handed neutrinos νL and the
7right-handed neutrinos νR then can obtain a tiny Dirac
mass term,
L ⊃ −mν ν¯LνR +H.c. with
mν = yη〈η〉 = −yη
κηΣ〈χ〉〈φ0〉〈σ0〉 sinβ√
2M2η
= yν〈φ0〉 = 0.17 eV×
(
yν
10−12
)
; (53a)
L ⊃ −mν ν¯LνR +H.c. with
mν = yη〈η〉 = −yη
κη∆〈χ〉〈φ0〉〈δ0〉 cos β
M2η
= yν〈φ0〉 = 0.17 eV×
(
yν
10−12
)
. (53b)
Here we have introduced the effective Yukawa couplings
of the right-handed neutrinos to the SM lepton and Higgs
doublets as
yν = −yη
κηΣ〈χ〉〈σ0〉 sinβ√
2M2η
= −1.5× 10−12 ×
( 〈σ0〉
2.9GeV
)(
1012GeV
Mη
)2
×
( 〈χ〉
1012GeV
)(yη
1
)(κηΣ
1
)( sinβ
1/
√
2
)
; (54a)
yν = −yη
κη∆〈χ〉〈δ0〉 cosβ
M2η
= −1.6× 10−12 ×
( 〈δ0〉
2.2GeV
)(
1012GeV
Mη
)2
×
( 〈χ〉
1012GeV
)(yη
1
)(κη∆
1
)( cosβ
1/
√
2
)
, (54b)
which can be highly suppressed by the ratio of the VEVs
of the Higgs triplets over the masses of the heavy Higgs
doublets. This scheme of the Dirac neutrino mass gener-
ation can also be understood by Fig. 2, where we denoted
(φ˜1,Σ) and (φ2,∆) by (ϕ, S).
C. Neutrino masses from the type-III Dirac seesaw
In the type-III Dirac seesaw model, we can integrate
out the heavy vector-like fermion triplets to induce a
mass term between the left-handed neutrinos and the
νR lL
T
L
T ′
L
〈S〉 〈χ〉 〈ϕ〉
FIG. 3: The Dirac neutrino masses suppressed by the heavy
fermion triplets T = T cL + T
′
L. Here (TL, T
′
L, ϕ, S) stands for
(ψL, ψ
′
L, φ˜1,Σ) or (ξL, ξ
′
L, φ2,∆).
right-handed neutrinos, i.e.
L ⊃ −mν ν¯LνR +H.c. with
mν = −y∗ψ
〈σ0〉〈φ01〉√
2Mψ
y∗ψ′ = −y∗ψ
〈σ0〉〈φ0〉 sinβ√
2Mψ
y∗ψ′
= −yν〈φ0〉 = −0.17 eV×
(
yν
10−12
)
; (55a)
L ⊃ −mν ν¯LνR +H.c. with
mν = −y∗ξ
〈δ0〉〈φ02〉
Mξ
y∗ξ′ = −y∗ξ
〈δ0〉〈φ0〉 cosβ
Mξ
y∗ξ′
= −yν〈φ0〉 = −0.17 eV×
(
yν
10−12
)
. (55b)
Here we have introduced the effective Yukawa couplings
of the right-handed neutrinos to the SM lepton and Higgs
doublets as
yν = y
∗
ψ
〈σ0〉 sinβ√
2Mψ
y∗ψ′
= 1.3× 10−12 ×
(
y∗ψ
0.3
)(
1011GeV
Mψ
)(
y∗ψ′
0.3
)
×
( 〈σ0〉
2.9GeV
)(
sinβ
1/
√
2
)
; (56a)
yν = y
∗
ξ
〈δ0〉 cosβ
Mξ
y∗ξ′
= 1.4× 10−12 ×
(
y∗ξ
0.3
)(
1011GeV
Mξ
)(
y∗ξ′
0.3
)
×
( 〈δ0〉
2.2GeV
)(
cosβ
1/
√
2
)
. (56b)
The relevant diagram is shown in Fig. 3 where
(TL, T
′
L, ϕ, S) stands for (ψL, ψ
′
L, φ˜1,Σ) or (ξL, ξ
′
L, φ2,∆).
Clearly the effective Yukawa couplings can be highly sup-
pressed by the ratio of the VEVs of the Higgs triplets over
the masses of the heavy vector-like fermion triplets.
Note we need two or more vector-like fermion triplets
to give two or three nonzero neutrino mass eigenvalues
required by the neutrino oscillation data [1].
8D. Neutrino masses from the combined Dirac
seesaw models
The neutrino masses can also be induced by the com-
bined type-I+II, type-I+III, type-II+III or type-I+II+III
Dirac seesaw models. These combined models can give
two or three nonzero neutrino mass eigenvalues even if
they only contain one vector-like fermion singlets and/or
one vector-like fermion triplets.
VI. BARYON ASYMMETRY
In this section we will illustrate how to generate the
cosmic baryon asymmetry in the type-I, II and III Dirac
seesaw models. Specifically, a lepton asymmetry stored
in the SM left-handed leptons and an opposite lepton
asymmetry stored in the right-handed neutrinos can be
produced in the CP-violating and out-of-equilibrium de-
cays of the heavy fermion singlets, Higgs doublets or
fermion triplets. The related masses and couplings of
these heavy fields are also responsible for generating the
light Dirac neutrino masses. Since (i) the right-handed
neutrinos do not participate in the SU(2)L sphalerons,
(ii) the effective Yukawa interactions between the left-
and right-handed neutrinos go into equilibrium at a
very low temperature where the sphalerons have stopped
working, the right-handed neutrino asymmetry will not
affect the baryon asymmetry, instead, only the left-
handed lepton asymmetry will be partially converted to
the baryon asymmetry.
A. Neutrinogenesis in the type-I Dirac seesaw
In the type-I Dirac seesaw model, the vector-like
fermion singlets N = NR + N
′c
R can have the two-body
decays as shown in Fig. 4. We calculate the decay widths
at tree level,
ΓNa = Γ(Na → lL + φ∗1) + Γ(Na → νR + ω)
= Γ(N ca → lcL + φ1) + Γ(N ca → νcR + ω∗)
=
1
16pi
[
(y†NyN )aa +
1
2
(yN ′y
†
N ′)aa
]
MNa , (57)
and the CP asymmetries at one-loop level,
εNa =
Γ(Na → lL + φ∗1)− Γ(N ca → lcL + φ1)
ΓNa
=
Γ(N ca → νcR + ω∗)− Γ(Na → νR + ω)
ΓNa
=
1
8pi
Im
[
(y†NyN)ab(yN ′y
†
N ′)ba
]
(y†NyN )aa +
1
2
(yN ′y
†
N ′)aa
MNaMNb
M2Nb −M2Na
.
(58)
The final baryon asymmetry then can be given by [36]
ηB =
nB
nγ
= 7.04× nB
s
= 7.04×
(
−28
79
)
× nL
s
= 7.04×
(
−28
79
)
×
∑
a εNarNa
g∗
. (59)
Here and thereafter nB, nL, nγ and s are the baryon
number density, the lepton number density, the photon
number density and the entropy density, respectively.
The factor − 28
79
is the sphaleron lepton-to-baryon coeffi-
cient. The washout coefficient rNa ≤ 1 can be determined
by the related Boltzmann equations. The relativistic de-
grees of freedom during the leptogenesis epoch, g∗, can be
given by g∗ = 106.75+4+2+3 = 115.75 (The SM fields
plus one Higgs doublet, one complex Higgs singlet and
one real Higgs triplet) or g∗ = 106.75+4+2+6 = 118.75
(The SM fields plus one Higgs doublet, one complex Higgs
singlet and one complex Higgs triplet).
Note that in the above calculations we have assumed
the initial sate Na is much heavier than the φ
′ fraction
of the final state φ1. If the φ
′ fraction is heavier than
the decaying fields, only the φ fraction of the final states
φ1 will contribute to the corresponding decay widths and
CP asymmetries. This case will not be studied in details
here and thereafter. The definition of the φ and φ′ scalars
can be found in Eq. (13).
Instead of deriving and then numerically solving the
Boltzmann equations, we adopt an analytical approx-
imation [36] to give the final baryon asymmetry. For
this purpose, we assume a hierarchical spectrum of the
fermion singlets N1,2,.... Consequently, the final baryon
asymmetry should come from the decays of the lightest
fermion singlet denoted by N1. For demonstration, we
define
KN
1
=
ΓN
1
2H(T )
∣∣∣T=MN
1
, (60)
where H(T ) is the Hubble constant,
H =
(
8pi3g∗
90
) 1
2 T 2
MPl
, (61)
with MPl = 1.22× 1019GeV being the Planck mass. For
1 ≪ KN
1
. 106, the final baryon asymmetry can well
approximate to [36]
ηB = 7.04×
(
−28
79
)
×
εN
1
g∗KN
1
zN
1
with zN
1
=
MN
1
TN
1
≃ 4.2(lnKN
1
)0.6 . (62)
We then simply take,
yN ′ = y
T
N , (63)
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FIG. 4: The lepton-number-conserving decays of the heavy fermion singlets N = N ′cR +NR.
so that we can parametrize,
yN = i
U
√
mˆνO
√
MN√
〈ω〉〈φ0〉 sinβ with
mν = UmˆνU
T = Udiag{m1 , m2 , m3}UT ,
OOT = OTO = 1 , (64)
and then derive
εN1 < ε
max
N1
=
1
12 pi
MN1mmax
〈ω〉〈φ0〉 sinβ ,
KN1 =
3
32 pi
(
90
8pi3g∗
) 1
2 MPlm˜1
〈ω〉〈φ0〉 sinβ with
mmax = max{m1 , m2 , m3} ,
mmin = min{m1 , m2 , m3} ,
m˜i ≡ (O†mˆνO)ii ∈ (mmin , mmax) . (65)
By inputting
MN
1
= 109GeV , 〈ω〉 = 0.03GeV , sinβ = 1√
2
,
mmax = 0.05 eV , m˜1 = 10
−4 eV , (66)
in Eqs. (62) and (65), we read
εmaxN
1
= 3.6× 10−4 ,
KN
1
= 575×
(
106.75
g∗
) 1
2
,
zN
1
= 12.7×
(
1 +
ln
√
106.75/g∗
ln 575
)0.6
. (67)
The final baryon asymmetry then can be consistent to
the observation [1],
ηB = 6.3× 10−10 ×
(
εN
1
−0.55 εmaxN
1
)(
106.75
g∗
) 1
2
. (68)
B. Neutrinogenesis in the type-II Dirac seesaw
In the type-II Dirac seesaw model, the Higgs doublets η
can be lighter than the PQ symmetry breaking scale 〈χ〉.
In this case, the two-body decays of the Higgs doublets
η, as shown in Fig. 5a, can generate a lepton asymmetry
stored in the left-handed leptons lL and an opposite lep-
ton asymmetry stored in the right-handed neutrinos νR
as long as the CP is not conserved. The decay widths at
tree level are
Γηa = Γ(ηa → lL + νcR) + Γ(ηa → S∗ + ϕ∗)
= Γ(η∗a → lcL + νR) + Γ(η∗a → S + ϕ)
=
1
16pi
[
Tr(y†ηayηa) +
3κ2ηaS〈χ〉2
2M2ηa
]
Mηa , (69)
while the CP asymmetries at one-loop order are
εSηa =
Γ(ηa → lL + νcR)− Γ(η∗a → lcL + νR)
Γηa
=
Γ(η∗a → S + ϕ)− Γ(ηa → S∗ + ϕ∗)
Γηa
=
3
8pi
Im[Tr(y†ηayηb)]
Tr(y†ηayηa) +
3κ2ηaS
〈χ〉2
2M2ηa
κηaSκηbS〈χ〉2
M2ηb −M2ηa
.(70)
Alternatively, the Higgs doublets η can have their heavy
masses before the PQ symmetry breaking. We then
should consider the two-body and three-body decays as
shown in Fig. 5b. The decay widths should be
Γηa = Γ(ηa → lL + νcR) + Γ(ηa → S∗ + ϕ∗ + χ∗)
= Γ(η∗a → lcL + νR) + Γ(η∗a → S + ϕ+ χ)
=
1
16pi
[
Tr(y†ηayηa) +
3κ2ηaS
64pi2
]
Mηa . (71)
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FIG. 5: The lepton-number-conserving decays of the heavy Higgs doublets η. Here (ϕ, S) stands for (φ˜1,Σ) or (φ2,∆).
As for the CP asymmetries, they should be
εSηa =
Γ(ηa → lL + νcR)− Γ(η∗a → lcL + νR)
Γηa
=
Γ(η∗a → S + ϕ+ χ)− Γ(ηa → S∗ + ϕ∗ + χ∗)
Γηa
=
3
256pi3
κηaSκηbSIm[Tr(y
†
ηa
yηb)]
Tr(y†ηayηa) +
3κ2ηaS
64pi2
M2ηa
M2ηb −M2ηa
.(72)
We emphasize at least two heavy Higgs doublets η should
be introduced to induce a nonzero CP asymmetry (70)
or (72).
The final baryon asymmetry then can be described by
[36]
ηB =
nB
nγ
= 7.04× nB
s
= 7.04×
(
−28
79
)
× nL
s
= 7.04×
(
−28
79
)
×
∑
a ε
S
ηa
rηa
g∗
× 2 . (73)
Here the factor 2 appears because the decaying parti-
cle ηa is a doublet. As for the parameter rηa ≤ 1,
it is a washout effect depending on the decay, inverse
decay, scattering and annihilation involving the heavy
Higgs doublets ηa. Ones can derive and solve the Boltz-
mann equations to exactly determine the values of the
coefficient κηa for the given masses and couplings of the
Higgs doublets ηa. The detailed Boltzmann equations
and their numerical solutions will be studied elsewhere.
Instead, we adopt an analytical approximation [36] for
demonstration. For this purpose, we assume the type-II
Dirac seesaw model contains two heavy Higgs doublets
η1,2. The final baryon asymmetry thus should be pro-
duced by the decays of the lighter Higgs doublet denoted
by η1. As an example, we consider the two-body de-
cays. In this case, the relativistic degrees of freedom g∗
can be given by g∗ = 106.75 + 4 + 3 = 113.75 (The SM
fields plus one Higgs doublet and one real Higgs triplet)
or g∗ = 106.75 + 4 + 6 = 116.75 (The SM fields plus one
Higgs doublet and one complex Higgs triplet). By setting
11
Mη
1
= 0.3Mη
2
= 1012GeV , 〈χ〉 = 1012GeV ,
κη
1
Σ = 0.3 κη
2
Σ = 0.6 , yη
1
= yη
2
eiα ,
〈σ0〉 = 2.9GeV , sinβ = 1√
2
; (74a)
Mη
1
= 0.3Mη
2
= 1012GeV , 〈χ〉 = 1012GeV ,
κη
1
∆ = 0.3 κη
2
∆ = 0.6 , yη
1
= yη
2
eiα ,
〈δ0〉 = 2.2GeV , cosβ = 1√
2
, (74b)
into Eq. (53), we determine
yη
1
= 0.7×
( mν
0.1 eV
)
,
Tr(y†η
1
yη
1
) = 0.49×
[
Tr(m†νmν)
0.01 eV2
]
. (75)
For the parameter choice (74) and the input Tr(y†η
1
yη
1
) =
0.49, we obtain
Kη
1
=
Γη
1
2H(T )
∣∣∣T=Mη
1
= 7244×
(
106.75
g∗
) 1
2
,
zη
1
=
Mη
1
Tη
1
≃ 4.2(lnKη
1
)0.6
= 15.6×
(
1 +
ln
√
106.75/g∗
ln 7244
)0.6
,
εη
1
= −0.0015×
(
sinα
0.22
)
. (76)
The final baryon asymmetry thus can arrive at a desired
value [1],
ηB = 7.04×
(
−28
79
)
×
εη
1
g∗Kη
1
zη
1
× 2
= 6.2× 10−10 ×
(
sinα
0.22
)(
106.75
g∗
) 1
2
. (77)
C. Neutrinogenesis in the type-III Dirac seesaw
In the type-III Dirac seesaw model, the vector-like
fermion triplets ψ = ψcL+ψ
′
L or ξ = ξ
c
L+ξ
′
L can have the
two-body decays as shown in Fig. 6. The decay widths
are given by
ΓTa = Γ(Ta → lL + ϕ) + Γ(Ta → νR + S∗)
= Γ(T ca → lcL + ϕ∗) + Γ(T ca → νcR + S)
=
1
32pi
[
(yTT y
∗
T )aa + (y
∗
T ′y
T
T ′)aa
]
MTa , (78)
while the CP asymmetries are
εSTa =
Γ(Ta → lL + ϕ)− Γ(T ca → lcL + ϕ∗)
ΓTa
=
Γ(T ca → νcR + S)− Γ(Ta → νR + S∗)
ΓTa
=
1
8pi
Im
[
(yTT y
∗
T )ab(y
∗
T ′y
T
T ′)ba
]
(yTT y
∗
T )aa + (y
∗
T ′y
T
T ′)aa
MTaMTb
M2Tb −M2Ta
.
(79)
Here and thereafter we denote ψ and ξ by T in the for-
mula. The final baryon asymmetry then can be given by
[36]
ηB =
nB
nγ
= 7.04× nB
s
= 7.04×
(
−28
79
)
×
∑
a ε
S
Ta
rTa
g∗
× 3 . (80)
Here the factor 3 appears because the decaying particle
Ta is a triplet. The washout coefficient rTa ≤ 1 can be
determined by the Boltzmann equations which will be
discussed elsewhere. In the following, we consider an
analytical approximation [36] for demonstration. As for
the relativistic degrees of freedom g∗, it can be given
by g∗ = 106.75 + 4 + 3 = 113.75 (The SM fields plus
one Higgs doublet and one real Higgs triplet) or g∗ =
106.75 + 4 + 6 = 116.75 (The SM fields plus one Higgs
doublet and one complex Higgs triplet).
We assume the fermion triplets T1,2,... have a hierar-
chical spectrum. Therefore, the decays of the lightest
fermion triplet denoted by T1 should dominate the final
baryon asymmetry. We then define
KT
1
=
ΓT
1
2H(T )
∣∣∣T=MT
1
. (81)
For 1≪ KT
1
. 106, the final baryon asymmetry can well
approximate to [36]
ηB = 7.04×
(
−28
79
)
×
εT
1
g∗KT
1
zT
1
× 3
with zT
1
=
MT
1
TT
1
≃ 4.2(lnKT
1
)0.6 . (82)
We further simply take,
yT ′ = y
T
T , (83)
so that we can parametrize,
yTψ = i
U
√
mˆνO
√
Mψ√
〈σ0〉〈φ0〉 sinβ/√2
; (84a)
yTξ = i
U
√
mˆνO
√
Mξ√
〈δ0〉〈φ0〉 cosβ , (84b)
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FIG. 6: The lepton-number-conserving decays of the heavy fermion triplets T = T cL + T
′
L. Here (T, ϕ, S) stands for (ψ, φ˜1,Σ)
or (ξ, φ2,∆).
and then derive
εψ1 < ε
max
ψ1
=
1
16 pi
Mψ1mmax
〈σ0〉〈φ0〉 sinβ/√2 ,
Kψ1 =
1
16 pi
(
90
8pi3g∗
) 1
2 MPlm˜1
〈σ0〉〈φ0〉 sinβ/√2 ; (85a)
εξ1 < ε
max
ξ1
=
1
16 pi
Mξ1mmax
〈δ0〉〈φ0〉 cosβ ,
Kξ1 =
1
16 pi
(
90
8pi3g∗
) 1
2 MPlm˜1
〈δ0〉〈φ0〉 cosβ . (85b)
By inputting
Mψ
1
= 1011GeV , 〈σ0〉 = 2.9GeV , sinβ = 1√
2
,
mmax = 0.07 eV , m˜1 = 0.001 eV ; (86a)
Mξ
1
= 1011GeV , 〈δ0〉 = 2.2GeV , cosβ = 1√
2
,
mmax = 0.07 eV , m˜1 = 0.001 eV (86b)
in Eqs. (82) and (85), we have
εmaxT
1
= 5.5× 10−4 ,
KT
1
= 56×
(
106.75
g∗
) 1
2
,
zT
1
= 9.7×
(
1 +
ln
√
106.75/g∗
ln 28
)0.6
, (87)
and then obtain an expected final baryon asymmetry [1],
ηB = 6.4× 10−10 ×
(
εT
1
−0.009 εmaxT
1
)(
106.75
g∗
) 1
2
. (88)
D. Neutrinogenesis in the type-II+III Dirac seesaw
In the combined model of the type-II+III Dirac see-
saw, we have not only the heavy Higgs doublets but also
the heavy fermion triplets. The CP asymmetries in the
decays of the heavy Higgs doublets then should contain
the vertex corrections as below,
εVηa =
Γ(ηa → lL + νcR)− Γ(η∗a → lcL + νR)
Γηa
=
Γ(η∗a → S + ϕ)− Γ(ηa → S∗ + ϕ∗)
Γηa
=
3
8pi
Im[(y∗T ′y
†
ηa
y∗T )bb]
Tr(y†ηayηa) +
3κ2
ηaS
〈χ〉2
2M2ηa
κηaS〈χ〉MTb
M2ηa
× ln
(
1 +
M2ηa
M2Tb
)
. (89)
The relevant diagrams are shown in Fig. 7. Note such
vertex corrections can appear till the fermion triplets ob-
tain their heavy masses after the PQ symmetry breaking.
We can conveniently treat the total CP asymmetries in
the decays of the heavy Higgs doublets by
εηa = ε
S
ηa
+ εVηa , (90)
where the self-energy correction εSηa is given by Eq. (70).
The final baryon asymmetry (73) from the decays of the
heavy Higgs doublets then should be replaced by
ηB = 7.04×
(
−28
79
)
×
∑
a εηarηa
g∗
× 2 . (91)
If only one heavy Higgs doublet is introduced to the mod-
els, we will have no self-energy corrections (70) to the CP
asymmetries (90). In this case, the vertex corrections
(89) should be the unique source to the CP asymmetries
(90). Otherwise, both the vertex corrections (89) and the
self-energy corrections (70) should be taken into account.
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FIG. 7: The vertex corrections in the two-body decays of the heavy Higgs doublets η. Here (T, ϕ, S) stands for (ψ, φ˜1,Σ) or
(ξ, φ2,∆).
Similarly, from Fig. 8, we can compute the vertex
corrections to the CP asymmetries in the decays of the
heavy fermion triplets,
εVTa =
Γ(Ta → lL + ϕ)− Γ(T ca → lcL + ϕ∗)
ΓTa
=
Γ(T ca → νcR + S)− Γ(Ta → νR + S∗)
ΓTa
=
1
4pi
Im
[
(yTT yηby
T
T ′)aa
]
(yTT y
∗
T )aa + (y
∗
T ′y
T
T ′)aa
κηbS〈χ〉
MTa
×
[
1− M
2
ηb
M2Ta
ln
(
1 +
M2Ta
M2ηb
)]
. (92)
The total CP asymmetries in the decays of the heavy
fermion triplets can be conveniently given by
εTa = ε
S
Ta
+ εVTa . (93)
Accordingly, the final baryon asymmetry (80) from the
decays of the heavy fermion triplets should be replaced
by [36]
ηB = 7.04×
(
−28
79
)
×
∑
a εTarTa
g∗
× 3 . (94)
In the case with two or more heavy fermion triplets and
at least one heavy Higgs doublet, the CP asymmetries
(93) should contain not only the vertex corrections (92)
but also the self-energy corrections (79). If the model
contains only one heavy fermion triplet, the vertex cor-
rections (92) rather than the self-energy corrections (79)
should be the source of the CP asymmetries (93).
VII. SUMMARY
In this paper we have proposed a class of Dirac seesaw-
leptogenesis models to simultaneously explain the small
Dirac neutrino masses and the cosmic matter-antimatter
asymmetry. Our models contain three right-handed neu-
trinos, an iso-triplet Higgs scalar, as well as some heavy
gauge-singlet fermions, iso-doublet Higgs scalars and/or
iso-triplet fermions, besides the fields in the DSFZ in-
visible axion model. The iso-triplet fields can carry a
zero or nonzero hypercharge. After the PQ and elec-
troweak symmetry breaking, the effective Yukawa cou-
plings of the Dirac neutrinos to the SM Higgs scalar can
be highly suppressed by the ratio of the VEVs of the
iso-triplet Higgs scalars over the masses of the gauge-
singlet fermions, the iso-doublet Higgs scalars or the iso-
triplet fermions. The PQ symmetry breaking scale can
be constrained by the invisible axion while the VEVs of
the iso-triplet Higgs scalars can be constrained by the
ρ parameter. Through the decays of the heavy gauge-
singlet fermions, iso-doublet Higgs scalars or iso-triplet
fermions, we can obtain a lepton asymmetry in the left-
handed leptons and an opposite lepton asymmetry in the
right-handed neutrinos. Since the right-handed neutri-
nos do not participate in the sphaleron processes, the
left-handed lepton asymmetry can be partially converted
to a baryon asymmetry. The axion can serve as a dark
matter particle as it is in the DFSZ model.
Acknowledgement: I would like to thank Hong-Jian
He for helpful discussions. This work was supported by
the Recruitment Program for Young Professionals under
Grant No. 15Z127060004, the Shanghai Jiao Tong Uni-
versity under Grant No. WF220407201 and the Shang-
hai Laboratory for Particle Physics and Cosmology under
Grant No. 11DZ2260700.
[1] K.A. Olive et al., (Particle Data Group Collaboration),
Chin. Phys. C 38, 090001 (2014).
[2] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida,
in Proceedings of the Workshop on Unified Theory and
the Baryon Number of the Universe, edited by O. Sawada
and A. Sugamoto (KEK, Tsukuba, 1979), p. 95; M.
Gell-Mann, P. Ramond, and R. Slansky, in Supergravity,
edited by F. van Nieuwenhuizen and D. Freedman (North
14
Ta
l
L
ϕ
η
b
ν
R
S
Ta
ν
R
S∗
η
b
l
L
ϕ
FIG. 8: The vertex corrections in the two-body decays of the heavy fermion triplets T = T cL + T
′
L. Here (T, ϕ, S) stands for
(ψ, φ˜1,Σ) or (ξ, φ2,∆).
Holland, Amsterdam, 1979), p. 315; S.L. Glashow, in
Quarks and Leptons, edited by M. Le´vy et al. (Plenum,
New York, 1980), p. 707; R.N. Mohapatra and G. Sen-
janovic´, Phys. Rev. Lett. 44, 912 (1980).
[3] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980);
J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227
(1980); T.P. Cheng and L.F. Li, Phys. Rev. D 22, 2860
(1980); G. Lazarides, Q. Shafi, and C. Wetterich, Nucl.
Phys. B 181, 287 (1981); R.N. Mohapatra and G. Sen-
janovic´, Phys. Rev. D 23, 165 (1981).
[4] R. Foot, H. Lew, X.G. He, and G.C. Joshi, Z. Phys. C
44, 441 (1989).
[5] E. Ma, Phys. Rev. Lett. 81, 1171 (1998).
[6] S.M. Barr, Phys. Rev. Lett. 92, 101601 (2004).
[7] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov,
Phys. Lett. B 155, 36 (1985).
[8] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45
(1986).
[9] P. Langacker, R.D. Peccei, and T. Yanagida, Mod. Phys.
Lett. A 1, 541 (1986); M.A. Luty, Phys. Rev. D 45, 455
(1992); R.N. Mohapatra and X. Zhang, Phys. Rev. D 46,
5331 (1992).
[10] M. Flanz, E.A. Paschos, and U. Sarkar, Phys. Lett. B
345, 248 (1995); M. Flanz, E.A. Paschos, U. Sarkar, and
J. Weiss, Phys. Lett. B 389, 693 (1996); L. Covi, E.
Roulet, and F. Vissani, Phys. Lett. B 384, 169 (1996);
A. Pilaftsis, Phys. Rev. D 56, 5431 (1997).
[11] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998).
[12] R. Barbieri, P. Creminelli, A. Strumia, and N. Tetradis,
Nucl. Phys. B 575, 61 (2000).
[13] T. Hambye, Nucl. Phys. B 633, 171 (2002).
[14] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002);
W. Buchmu¨ller, P. Di Bari, and M. Plu¨macher, Nucl.
Phys. B 665, 445 (2003).
[15] G.F. Giudice, A. Notari, M. Raidal, A. Riotto, and A.
Strumia, Nucl. Phys. B 685, 89 (2004).
[16] T. Hambye and G. Senjanovic´, Phys. Lett. B 582, 73
(2004); S. Antusch and S.F. King, Phys. Lett. B 597,
199 (2004); P. Gu and X.J. Bi, Phys. Rev. D 70, 063511
(2004).
[17] W. Buchmuller, P. Di Bari, and M. Plumacher, Annals
Phys. 315, 305 (2005).
[18] E. Ma, Phys. Rev. D 73, 077301 (2006); E. Ma, Annales
Fond. Broglie 31, 285 (2006).
[19] S. Davidson, E. Nardi, and Y. Nir, Phys. Rept. 466, 105
(2008).
[20] F.F. Deppisch, J. Harz, and M. Hirsch, Phys. Rev. Lett.
112, 221601 (2014).
[21] A. Kusenko, K. Schmitz, T.T. Yanagida, Phys. Rev. Lett.
115, 011302 (2015).
[22] S. Blanchet, P.S. Bhupal Dev, and R.N. Mohapatra,
Phys. Rev. D 82, 115025 (2010) P.S. Bhupal Dev, P.
Millington, A. Pilaftsis, and D. Teresi, Nucl. Phys. B
886, 569 (2014); C.S. Fong, D. Meloni, A. Meroni, and
E. Nardi, JHEP 1501, 111 (2015); P.S. Bhupal Dev, P.
Millington, A. Pilaftsis, and D. Teresi, Nucl. Phys. B
891, 128 (2015); P. Di Bari, L. Marzola, M. Re Fiorentin,
Nucl. Phys. B 893, 122 (2015); J.D. Clarke, R. Foot,
R.R. Volkas, Phys. Rev. D 91, 073009 (2015); J. Zhang,
Phys. Rev. D 91, 073012 (2015); S. Lavignac and B.
Schmauch, JHEP 1505, 124 (2015); M. Dhuria, C. Hati,
R. Rangarajan, and U. Sarkar, Phys. Rev. D 92, 031701
(2015); M. Ibe and K. Kaneta, Phys. Rev. D 92, 035019
(2015); P.S. Bhupal Dev, P. Millington, A. Pilaftsis, and
D. Teresi, Nucl. Phys. B 897, 749 (2015); L. Pearce, L.
Yang, A. Kusenko, M. Peloso, Phys. Rev. D 92, 023509
(2015); S. Kashiwase, H. Okada, Y. Orikasa, and T.
Toma, arXiv:1505.04665 [hep-ph]; F. Bjo¨rkeroth, F.J. de
Anda, I. de Medeiros Varzielas, and S.F. King, JHEP
1510, 104 (2015); J.D. Clarke, R. Foot, R.R. Volka,
Phys. Rev. D 92, 033006 (2015); M. Aoki, N. Haba, and
R. Takahashi, PTEP 2015, 113B03 (2015); A. Pilaftsis,
D. Teresi, Phys. Rev. D 92, 085016 (2015); A. Abada, G.
Arcadi, V. Domcke, and M. Lucente, JCAP 1511, 041
(2015); P. Di Bari and S.F. King, JCAP 1510 008 (2015);
P. Herno´ndez, M. Kekic, J. Lo´pez-Pavo´n, J. Racker, and
N. Rius, JHEP 1510, 067 (2015); J.I. McDonald and
G.M. Shore, Phys. Lett. B 751, 469 (2015); R. Kalita and
D. Borah, Phys. Rev. D 92, 055012 (2015); T. Ishihara,
N. Maekawa, M. Takegawa, and M. Yamanaka, JHEP
1602, 108 (2016); J. Gehrlein, S.. Petcov, M. Spinrath,
and X. Zhang, Nucl. Phys. B 899, 617 (2015); B. Kar-
makar and A. Sil, Phys. Rev. D 93, 013006 (2016); A.
Addazi, M. Bianchi, and G. Ricciardi, JHEP 1602, 035
(2016); K.J. Bae, H. Baer, H. Serce, and Y.F. Zhang,
JCAP 1601, 012 (2016); J.M. Cline, A. Diaz-Furlong,
and J. Ren, Phys. Rev. D 93, 036009 (2016); E.T. Franco,
Phys. Rev. D 92, 113010 (2015); C. Hati and U. Sarkar,
arXiv:1511.02874 [hep-ph].
[23] M. Roncadelli and D. Wyler, Phys. Lett. B 133, 325
(1983); P. Roy and O. Shanker, Phys. Rev. Lett. 52, 713
(1984).
[24] K. Dick, M. Lindner, M. Ratz, and D. Wright, Phys. Rev.
Lett. 84, 4039 (2000).
[25] H. Murayama and A. Pierce, Phys. Rev. Lett. 89, 271601
(2002).
[26] P.H. Gu and H.J. He, JCAP 0612, 010 (2006).
[27] B. Thomas and M. Toharia, Phys. Rev. D 73, 063512
(2006); S. Abel and V. Page, JHEP 0605, 024 (2006);
P.H. Gu, H.J. He, and U. Sarkar, JCAP 0711, 016
(2007); E.J. Chun and P. Roy, JHEP 0806, 089 (2008);
P.H. Gu, H.J. He, and U. Sarkar, Phys. Lett. B 659, 634
15
(2008); P.H. Gu and U. Sarkar, Phys. Rev. D 77, 105031
(2008); A. Bechinger and G. Seidl, Phys. Rev. D 81,
065015 (2010); H. Davoudiasl and I. Lewis, Phys. Rev. D
86, 015024 (2012); K.Y. Choi, E.J. Chun, and C.S. Shin,
Phys. Lett. B 723, 90 (2013); P.H. Gu, arXiv:1410.5753
[hep-ph]; P.H. Gu, JCAP 1412, 046 (2014); P.H. Gu and
X.G. He, arXiv:1511.03835 [hep-ph].
[28] F. del Aguila, J. Syska, M. Zralek, Phys. Rev. D 76,
013007 (2007); C. Luhn and M. Thormeier, Phys. Rev.
D 77, 056002 (2008); Y. Farzan and E. Ma, Phys. Rev.
D 86, 033007 (2012); X.w. Liu and S. Zhou, Int. J.
Mod. Phys. A 28, 1350040 (2013); M. Drewes, Int. J.
Mod. Phys. E 22, 1330019 (2013); G. Abbas, S. Gupta,
G. Rajasekaran, and R. Srivastava, Phys. Rev. D 91,
111301 (2015); H. Okada, arXiv:1404.0280 [hep-ph]; A.
de Gouveˆa, D. Herna´ndez, JHEP 1510, 046 (2015); A.
Esmaili and A. Yu. Smirnov, Phys. Rev. D 92, 093012
(2015).
[29] P.H. Gu, Nucl. Phys. B 872, 38 (2013).
[30] J.E. Kim, Phys. Rev. Lett. 43, 103 (1979); M.A. Shifman,
A.I. Vainshtein, and V.I. Zakharov, Nucl. Phys. B 166,
493 (1980).
[31] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. B
104, 199 (1981); A.R. Zhitnitsky, Sov. J. Nucl. Phys. 31,
260 (1980).
[32] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
(1977); Phys. Rev. D 16, (1977).
[33] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[34] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[35] M. Shin, Phys. Rev. Lett. 59, 2515 (1987); X.G. He and
R.R. Volkas, Phys. Lett. B 208, 261 (1988); C.Q. Geng
and J.N. Ng, Phys. Rev. D 39, 1925 (1989); C.Q. Geng
and J.N. Ng, Mod. Phys. Lett. A 4, 581 (1989); C.Q.
Geng and J.N. Ng, Phys. Rev. D 39, 1449 (1989); Z.G.
Berezhiani and M.Yu. Khlopov, Z. Phys. C 49, 73 (1991);
D.A. Demir, E. Ma, and U. Sarkar, J. Phys. G 26, L117
(2000); E. Ma, Phys. Lett. B 514, 330 (2001); E. Ma,
J. Phys. G 29, 313 (2003); E. Ma, Mod. Phys. Lett. A
22, 2721 (2007); P.H. Gu and M. Lindner, Phys. Lett. B
698, 40 (2011); P.H. Gu and M. Lindner, Phys. Lett. B
697, 229 (2011); C.S Chen and L.H. Tsai, Phys. Rev. D
88, 055015 (2013).
[36] E.W. Kolb and M.S. Turner, The Early Universe,
Addison-Wesley, 1990.
